The neuropeptide galanin has been shown to suppress epileptic seizures. In cortical and hippocampal areas, galanin is normally mainly expressed in noradrenergic afferents. We have generated a mouse overexpressing galanin in neurons under the plateletderived growth factor B promoter. RIA and HPLC analysis revealed up to 8-fold higher levels of galanin in transgenic as compared with wild-type mice. Ectopic galanin overexpression was detected especially in dentate granule cells and hippocampal and cortical pyramidal neurons. Galanin-overexpressing mice showed retardation of seizure generalization during hippocampal kindling, a model for human complex partial epilepsy. The high levels of galanin in mossy fibers found in the transgenic mice were further increased after seizures. Frequency facilitation of field excitatory postsynaptic potentials, a form of short-term synaptic plasticity assessed in hippocampal slices, was reduced in mossy fiber-CA3 cell synapses of galanin-overexpressing mice, indicating suppressed glutamate release. This effect was reversed by application of the putative galanin receptor antagonist M35. These data provide evidence that ectopically overexpressed galanin can be released and dampen the development of epilepsy by means of receptor-mediated action, at least partly by reducing glutamate release from mossy fibers. G alanin, a 29-aa neuropeptide (1), is widely distributed throughout the rat brain (2, 3) and coexists with classic transmitters in several systems (4), with particularly high levels in noradrenergic locus coeruleus neurons (5, 6). Galanin-binding sites have been mapped (7, 8) , and three receptor subtypes, GalR1 (9-11), 49) , and GalR3 (15), have been cloned. There is evidence for involvement of galanin in multiple neuronal functions (16, 17) , as also revealed in recent studies on transgenic mice (18) (19) (20) .
G
alanin, a 29-aa neuropeptide (1) , is widely distributed throughout the rat brain (2, 3) and coexists with classic transmitters in several systems (4) , with particularly high levels in noradrenergic locus coeruleus neurons (5, 6) . Galanin-binding sites have been mapped (7, 8) , and three receptor subtypes, GalR1 (9-11), GalR2 (12) (13) (14) 49) , and GalR3 (15) , have been cloned. There is evidence for involvement of galanin in multiple neuronal functions (16, 17) , as also revealed in recent studies on transgenic mice (18) (19) (20) .
Many studies support an important role of neuropeptides in seizure activity (21) (22) (23) . This role is true also for galanin. Thus, intrahippocampal injection of galanin during status epilepticus (SE) in rats has powerful anticonvulsant effects (24) . In accordance with these data, mice overexpressing the galanin gene under the dopamine-␤-hydroxylase promoter, presumably in noradrenergic fibers, show increased resistance to SE and kainate-and pentylenetetrazol-evoked seizures (25) . Conversely, administration of galanin antagonists, such as M35 (26) , and targeted disruption of the galanin gene increase seizure susceptibility in these models (24, 25) . Taken together, available data indicate that galanin released from noradrenergic fibers (3, 5, 27) can suppress epileptic seizures. Although the underlying mechanisms are not known, it has been shown that galanin can inhibit glutamate release by means of activation of presynaptic ATP-dependent K ϩ channels (28) .
We speculated that galanin release from neurons not normally containing this neuropeptide, e.g., in the epileptic focus, might be necessary to optimize the seizure-suppressant action of galanin. To explore the functional consequences of its ectopic localization, we generated a mouse with the aim to overexpress galanin in widespread areas of the nervous system by using the platelet-derived growth factor B (PDGF-B) promoter. Here we report on the cellular distribution of galanin in this transgenic, galanin-overexpressing (GalOE) mouse. We sought to determine whether ectopically expressed galanin can suppress the development of epilepsy, as well as to explore the possible underlying electrophysiological mechanisms. We used kindling, an animal model for complex partial seizures with secondary generalization, the most common type of human epilepsy (29, 30) . In kindling, repetitive daily electrical stimulations of limbic forebrain areas result in generalization of initially focal seizures.
Materials and Methods
Generation and Genotyping of GalOE Mice. A galanin͞galanin message-associated peptide (GMAP) gene construct, including the second endogenous intron of the galanin gene, using a 1.3-kb PDGF-B promoter (31) , was injected into pronuclei from fertilized mouse oocytes (32) from a cross between F 1 (C57BL͞6 ϫ CBA) mice. † † Mouse-tail biopsies were used for genotyping and DNA was amplified by using PCR with specific primers for galanin 5Ј-TGCCTCCCTAGAGTCGACGAGGGATC-CTCGTGCGCT-3Ј and 5Ј-AGGCATCCCA AGTCCCA-GAGTGGCTGA-3Ј and Taq DNA polymerase (2.5 units; Sigma); incubations were at 95°C for 45 s, at 54°C for 1 min, and at 72°C for 1 min for 30 cycles, finally, at 72°C for 10 min. The PCR product showed a 445-bp wild-type (WT) band or a 248-bp GalOE band.
Tissue Extractions. Tissues from frontal, parietal, and piriform cortices and from hippocampus were cut into small pieces on ice, and 1 M acetic acid (Merck) (10 ml/g of tissue) was added, and then the sample boiled for 10 min. Samples were homogenized (Scientific Industries, New York) and centrifuged at 1,500 ϫ g for 10 min at 8°C. Supernatants were collected, and a second extraction was performed with 10 ml of distilled water per 1 g of tissue. The combined supernatants were lyophilized and stored at Ϫ70°C until analysis.
RIA. Lyophilized samples were reconstituted in 1 ml of phosphate buffer (0.05 M, pH 7.4), and 100 l of each sample, antibody, and standard were used. Galanin content was measured by using a rat galanin antiserum (33) . HPLC-purified (HPLC pump 3500, Amersham Pharmacia) 125 chloramine-T was used as radioligand, and rat galanin was used as standard (Neosystem, Strasbourg, France). Samples and standards were measured on a GammaMaster 1277 (LKB Wallac, Gaithersburg, MD).
Protein concentration was measured by using the Lowry method with Folin phenol reagent (34) and optimized for samples with low concentrations of protein (E.T., unpublished). As standards, 30 l of the calibrator (BSA, Sigma), controls, samples, and blanks were incubated with 150 l of reagent containing alkaline copper sulfate solution (Merck) for exactly 10 min, and then 20 l per sample Folin phenol reagent was added. After 30-min incubation, samples were placed in equal volumes on microtiter plates and analyzed at 690 nm on a Vmax photometer (Molecular Devices).
HPLC. Reverse-phase HPLC was performed by using LKB Ultrapac TSK ODS-120T (5 m, 4.6 ϫ 250 mm), eluted with a 40-min linear gradient of acetonitrile (20-40%) in water containing 0.1% trifluoroacetic acid. Samples were passed through Millipore GS filters (0.22 m) before chromatography. Samples of 200 l were injected. Fractions (0.5 ml) were collected at an elution rate of 1.0 ml/min. Each fraction was lyophilized and redissolved in 100 l of distilled water before analysis. The fractions were assayed for immunoreactivity in the tubes used for their collection.
Kindling. Studies were performed according to National Institutes of Health guidelines and approved by the local Ethical Committee. Eight GalOE and seven WT male mice, weighing 22-25 g, were subjected to kindling stimulations. In addition, six GalOE and six WT animals served as electrode-implanted, nonstimulated controls. Animals were anesthetized with sodium pentobarbital (60 mg/kg i.p.) and mounted in a Kopf stereotaxic frame. Bipolar stainless-steel stimulating͞recording electrodes were implanted into the left ventral hippocampus according to atlas of Franklin and Paxinos (35) (tooth bar at 0; 2.9 mm caudal to bregma; 3.0 mm lateral to midline; 3.0 mm ventral to dura). After 10 days of recovery, kindling stimulations (1 ms square pulses of 100 Hz for 1 s) were given once a day. On the first day, stimulation threshold was determined by increasing current intensity by 10 A steps, starting from 10 A, until focal epileptiform activity (afterdischarge, AD) of at least 5 s duration was elicited. The electroencephalogram was recorded on a MacLab system before, during, and at least 1 min after AD had ceased, and was stored on a Power PC computer for further analysis. Behavioral convulsions were scored according to the modified scale of Racine (36) : grade 1, facial twitches; grade 2, chewing and nodding; grade 3, forelimb clonus; grade 4, rearing, body jerks, tail rising; grade 5, imbalance, hind-limb clonus, vocalization. Experimenter was unaware of the group identity of the individual animals when evaluating seizure grades. Four to six weeks after the mice had exhibited five grade 5 seizures, AD threshold was redetermined and mice were rekindled by using the same stimulation parameters as during initial kindling, until they had experienced three grade 5 seizures. Animals were killed 4 or 24 h after last rekindling stimulation for in situ hybridization or immunocytochemistry, respectively.
In Situ Hybridization. A 48-mer oligonucleotide galanin probe (nucleotides 152-199; Life Technologies; ref. 37) was labeled with deoxyadenosine 5Ј-[␥-[ 35 S]thio]triphosphate (New England Nuclear) at the 3Ј-end by using terminal deoxynucleotidyltransferase (Amersham Pharmacia) and purified by using QIAquick Nucleotide Removal Kit (Qiagen, Chatsworth, CA). The brains were rapidly taken out, frozen on dry ice, cut on a cryostat into 14-m-thick sections, and mounted on Probe On slides (Fisher). Then, sections were air-dried overnight, incubated with the oligonucleotide (0.5 ng) for 16-18 h at 42°C, rinsed in 1ϫ SSC (0.15 M sodium chloride, 0.015 M sodium citrate, pH 7), rapidly dehydrated, air-dried, and opposed to ␤-max x-ray films (Amersham Pharmacia) for 3 weeks. The films were developed, and resulting images were digitized by using a charge-coupled device camera (Sony) and image grabber software. Analysis of optical densities was made by image analysis program National Institute of Mental Health IMAGE 1.57 (Wayne Rasband, Bethesda, MD). Gray levels for standards were used in third-degree polynomial calibration to obtain equivalent values of tissue radioactivity (nCi/g). Subsequently, sections were dipped in liquid photo emulsion NTB2 (Kodak), developed in Kodak D19, fixed in Kodak 3000, counterstained with toluidine blue, examined in a Nikon Microphot-FX microscope equipped with a dark-field condenser and epipolarization illumination, and photographed with Kodak Tri-X black-and-white film.
Immunocytochemistry. Animals were perfused by means of the ascending aorta with Tyrode's solution followed by 4% paraformaldehyde and 14% (wt/vol) saturated picric acid in 0.16 M sodium phosphate buffer, pH 7.0. The brains were taken out and postfixed for 2 h at 4°C, transferred to 0.01 M PBS containing 10% (wt/vol) sucrose and stored overnight at 4°C, cut on a cryostat (Microm) at 14-m thickness and mounted on gelatincoated slides. Sections were incubated overnight at 4°C with galanin antiserum (33) followed by secondary antibodies conjugated to FITC (Jackson ImmunoResearch) for 30 min at 37°C, rinsed in PBS, mounted in PBS͞glycerol (1:10) containing 0.1% para-phenylenediamine, and analyzed by using a Nikon Microphot-FX microscope equipped with epifluorescence (Nikon) and appropriate filter combinations, and photographed on Kodak T-max black-and-white film (400 ASA).
Electrophysiology. Under halothane anesthesia, eight GalOE and eight WT mice were decapitated, and their brains were removed and put into ice-cold artificial cerebrospinal fluid (aCSF) with the following composition: 119 mM NaCl, 2.5 mM KCl, 1.3 mM MgSO 4 , 2.5 mM CaCl 2 , 26.2 mM NaHCO 3 , 1 mM NaH 2 PO 4 and 11 mM glucose, bubbled with a mixture of 95% O 2 and 5% CO 2 . Hippocampi were dissected out and transverse slices (450 m thick) were cut on a Vibratome (Ted Pella, Inc., Redding, CA). Slices were maintained at room temperature in a submerged chamber filled with gassed aCSF. For recordings, slices were transferred to a submerged chamber continuously perfused (at a speed of 3-4 ml/min) with gassed aCSF at room temperature. Stimulations were delivered at the dentate granule cell layer with alternating frequencies of 0.1 or 1 Hz (10 square pulses of 0.1-ms duration), and field excitatory postsynaptic potentials (fEPSPs) were recorded from the proximal part of the stratum lucidum of the CA3 area. To discriminate mossy fiber fEPSPs from possible contamination of associational-commissural synapses, the selective metabotropic glutamate receptor group II (mGluR II) agonist (2S,1ЈS,2ЈS)-2-(carboxycyclopropyl)glycine (L-CCG-I; 10 M) was added to the perfusion medium at the end of the experiments (38) . The responses were considered as mossy fiber fEPSPs only if they were blocked by L-CCG-I application (39, 40) . In some experiments, the putative galanin receptor antagonist M35 (26) was added at 1 M to the perfusion medium.
Statistical Analysis. Statistical analysis of differences between groups was performed by using Student's unpaired t test. Additionally, repeated-measures ANOVA was used for analysis of differences in kindling development. Differences were considered significant at P Ͻ 0.05. Data are presented as mean Ϯ SEM.
Results and Discussion
By using RIA, we detected up to 8-fold higher concentrations of galanin in cerebral cortex and hippocampus of GalOE as compared with WT mice (Table 1 ). HPLC showed a main peak of immunoreactivity corresponding to genuine galanin in samples from these regions (Fig. 1) .
Seizure development in response to hippocampal kindling stimulations was markedly retarded in GalOE mice ( Fig. 2A ; repeated measures ANOVA, P Ͻ 0.05). Mean AD duration was also shorter in GalOE mice (Fig. 2B) . Compared with WT animals, the GalOE mice needed significantly more stimulations to reach the first generalized (grades 4 and 5) seizures (Fig. 2C) . This was because GalOE mice exhibited focal seizures (grades 0-2) considerably longer (17 Ϯ 2 days) than the WT animals (10 Ϯ 2 days; P Ͻ 0.05, Student's unpaired t test). The number of days when mice displayed generalized seizures, as well as other kindling characteristics, such as latency to and duration of behavioral seizures, and duration of secondary AD did not differ between GalOE and WT mice. When the already-kindled animals were subjected to new stimulations 4-6 weeks after the last seizure, the threshold for inducing epileptiform activity (AD threshold) was decreased in the WT mice, whereas it remained unchanged in the GalOE animals ( Fig. 2D ; unpaired t test, P Ͻ 0.05). However, both groups had maintained the kindled state, because mean seizure grades in response to these new stimulations were similar in GalOE and WT mice (data not shown).
To explore the mechanisms underlying the reduced seizure susceptibility in GalOE mice, we carefully compared the cellular localization of galanin mRNA and protein between the two groups. Basal galanin mRNA expression was not detectable in hippocampal (Fig. 3A) or cortical areas (Fig. 4A ) of WT mice, and was low in amygdala (data not shown). In contrast, GalOE animals showed high levels of galanin mRNA in dentate granule cell and CA1-CA3 pyramidal cell layers and hilus ( Fig. 3 B and   F) , and moderate levels in piriform cortex (Fig. 3 C and F) . Clusters of radioactive grains were seen over pyramidal neurons in layers 4-5 of the parietal-retrosplenial cortices (Fig. 4B,  arrowheads) . With the exception of a pronounced up-regulation of galanin mRNA in the piriform cortex in GalOE mice, no other changes of gene expression as compared with basal levels were observed in either animal group at 4 h after the last stimulusevoked seizure (Fig. 3 D and F) .
Under basal conditions, galanin-like immunoreactivity (LI) was observed in presumed noradrenergic fibers (6) throughout cortical and hippocampal areas of WT mice (Figs. 4C arrowheads and 5A). Such fibers were absent in cortical areas (Fig. 4D) and were very few in hippocampal areas (Fig. 5B) of GalOE mice. However, in these mice, weak galanin-LI was seen in layer 4-5 pyramidal neurons (Fig. 4D arrowheads) of the parietalretrosplenial cortices. Most conspicuous in GalOE mice was the high galanin-LI in the dentate granule cell layer and hilus and particularly in the mossy fibers (Fig. 5B) , as well as in the outer molecular layer (layer 1a) of the piriform cortex (data not shown).
Twenty-four hours after the last kindling-evoked seizure, galanin-LI in cortical and hippocampal noradrenergic fibers of WT animals had almost completely disappeared (Figs. 4E and  5C ). In contrast, galanin-LI was increased in the supragranular layer of the dentate gyrus and stratum lacunosum moleculare of the CA1 area (Fig. 5C) . In GalOE mice, kindling led to a more pronounced increase of galanin-LI in the supragranular layer and hilus. The levels of galanin-LI were also more markedly elevated in the mossy fibers of kindled as compared with nonkindled GalOE animals (Fig. 5D) . Moreover, kindling increased the staining intensity of galanin-positive cells in cortical Results are presented as mean Ϯ SEM.
areas (Fig. 4F) , whereas galanin-LI in the piriform cortex was unchanged in GalOE mice (data not shown).
The highest basal and seizure-evoked levels of galanin-LI in GalOE mice were found in mossy fibers, which have been proposed to play an important role in epileptogenesis (41, 42) . We therefore explored whether the ectopic overexpression of galanin affected synaptic transmission at mossy fiber-CA3 cell synapses, in particular glutamate release (25) . To address this question, we analyzed so-called frequency facilitation, a form of a short-term synaptic plasticity in which postsynaptic responses are augmented at high frequency stimulations because of increased probability of glutamate release from presynaptic terminals (see ref. 43) . Frequency facilitation of fEPSPs in the proximal part of the stratum lucidum of the CA3 area as assessed in hippocampal slices was lower in GalOE mice as compared with WT animals (Fig. 6 A trace 2 and B trace 2) . Conversely, in GalOE ( Fig. 6 C and E) but not in WT (Fig. 6F) mice, application of the putative galanin receptor antagonist M35 (26) increased frequency facilitation. fEPSPs at low-frequency stimulations were not changed (data not shown). The mGluR II agonist L-CCG-I blocked fEPSPs in CA3 to the same extent in WT and GalOE mice (to 3.9 Ϯ 1.9% and 4.3 Ϯ 2.1% of initial magnitude, respectively; see also Fig. 6 A trace 3 and B trace 3) , indicating that mGluR II receptors were functional in GalOE mice, and that the fEPSPs were mostly generated by activation of mossy fibers, which selectively express mGluR II in mice (38, 39) . Basal and seizure-evoked levels of galanin-LI in the hippocampus of GalOE mice are higher as compared with WT mice. Note that galanin-LI is detectable only in dispersed fibers in WT mice (A). In contrast, galanin-LI is high in granule cell layer, mossy fibers, and hilus of GalOE mice (B). After kindling-induced seizures, galanin-LI is increased in the supragranular layer and stratum lacunosum moleculare of CA1 in WT mice (C) and is much more markedly elevated in granule cell layer, hilus, and mossy fibers of GalOE animals (D).
This study shows that mice overexpressing galanin under the PDGF-B promoter exhibit marked suppression of seizure development in an animal model of human complex partial seizures. High galanin levels were confirmed by RIA showing up to 8-fold increases in GalOE over WT mice, and HPLC analysis strongly suggests that the overexpressed peptide is identical to synthetic galanin. Galanin overexpression was detected in many neural systems in cerebral cortex and hippocampus, in particular in the granule cell-mossy fiber system, as a consequence of the widespread distribution of the PDGF-B promoter (44, 45) . These cortical and hippocampal systems do not express galanin in WT mice under normal conditions. A puzzling finding was the decrease of galanin in noradrenergic fibers originating in the locus ceruleus, which is the only system where we could detect galanin in dorsal cortical and hippocampal areas not only in WT mice but also in rats (6) .
The suppression of kindling epileptogenesis in the GalOE mice supports the view that the ectopically overexpressed galanin is released and acts by means of a galanin receptor(s). In these mice, the already high levels of galanin-LI in the mossy fibers were further increased after kindling-evoked seizures. These fibers might be of particular importance in the propagation of seizure activity in the hippocampus (see e.g., ref. 46) . Moreover, sprouting of mossy fibers, observed in several animal models of epilepsy (41) and epileptic patients (47) , has been proposed to induce increased excitability of hippocampal circuitry and promote epileptogenesis (42) . Galanin is not normally expressed in dentate granule cells and mossy fibers (2, 6, 48) . However, GalR2 mRNA has been detected in these as well as in locus ceruleus neurons (6, 49, 50) , in both cases possibly constituting a presynaptic receptor (51) , which normally may be the target for galanin released from noradrenergic fibers (3, 6, 27) . We propose that galanin, overexpressed in mossy fibers, is released during epileptic discharges and interacts with presynaptic GalR2 receptors on the mossy fibers themselves. This leads to decreased glutamate release (28) and inhibition of the spread and generalization of focal hippocampal seizures. This hypothesis is supported by our findings that GalOE mice have lower magnitude of frequency facilitation of mossy fiber responses, probably ref lecting decreased glutamate release (see, e.g., ref. 43) , and that application of the putative galanin receptor antagonist M35 (26) reverses this abnormality. Interestingly, M35 had no effect on mossy fiber fEPSPs of GalOE mice at low-frequency stimulations. This would imply that high-frequency activity is necessary to release galanin from mossy fibers in concentrations sufficient to reach its receptor. If this is the case, it would be in agreement with early studies on peripheral autonomic neurons showing frequency-dependent release of neuropeptides from sympathetic and parasympathetic neurons (52) and with studies on galanin release in response to high-frequency septal stimulation (53) . Consequently, galanin overexpression would dampen only high-frequency activity in mossy fibers, e.g., during seizures, but have little effect on normal synaptic transmission at low frequencies, a situation that would be favorable if attempting to develop an antiepileptic agent based on galanin receptor agonism.
The pattern of suppressed kindling epileptogenesis in the GalOE mice already at the early stages of seizure development supports a local hippocampal action of galanin. Shorter duration of ADs and longer time spent in the early stages of kindling compared with WT mice, as well as higher threshold for AD induction in the kindled GalOE animals, further advocate this notion (see ref. 54) .
High levels of galanin-LI were found also in the outer molecular layer of the piriform cortex. Because the piriform cortex plays an important role in the transition from focal to generalized seizures during kindling epileptogenesis (55, 56) , increased galanin levels in this area could contribute to the suppression of kindling development in GalOE mice. The galanin-LI in the piriform cortex could be located either in the distal apical dendrites of the pyramidal cells or in the nerve terminals originating from the olfactory bulb mitral cells, which innervate these dendrites (57) . In rats, galanin-LI has been reported to be present in the tufted cells and short-axon neurons of the olfactory bulb (58) . However, in GalOE mice, high levels of galanin were also detected in the mitral cells (unpublished observations), suggesting olfactory bulb origin of the immunoreactivity in the outer molecular layer of the piriform cortex.
We provide here evidence that ectopically expressed galanin in cortical and hippocampal neurons can be regulated by seizures, is released during neuronal activity, and suppresses epileptogenesis by interaction with presynaptic galanin receptors, leading to decreased glutamate release. These findings suggest novel therapeutic strategies, e.g., using gene transfer, to dampen . (E and F) fEPSP frequency facilitation of mossy fiber-CA3 cell synapses in GalOE (E) and WT (F) mice before and during bath application of M35 (n ϭ 16 experiments, five mice; and 18 experiments, five mice, respectively). Data are means Ϯ SEM. Before fEPSP initial slope measurements were made, traces recorded after bath application of L-CCG-I (3) were always subtracted from those recorded during low (1) or high (2) frequency stimulation of mossy fibers.
